The new member of the Ras superfamily of G-proteins, Rheb, has been identified in rat and human, but its function has not been defined. We report here the identification of Rheb homologues in the budding yeast Saccharomyces cerevisiae (ScRheb) as well as in Schizosaccharomyces pombe, Drosophila melanogaster, zebrafish, and Ciona intestinalis. These proteins define a new class of G-proteins based on 1) their overall sequence similarity, 2) high conservation of their effector domain sequence, 3) presence of a unique arginine in their G1 box, and 4) presence of a conserved CAAX farnesylation motif. Characterization of an S. cerevisiae strain deficient in ScRheb showed that it is hypersensitive to growth inhibitory effects of canavanine and thialysine, which are analogues of arginine and lysine, respectively. Accordingly, the uptake of arginine and lysine was increased in the ScRheb-deficient strain. This increased arginine uptake requires the arginine-specific permease Can1p. The function of ScRheb is dependent on having an intact effector domain since mutations in the effector domain of ScRheb are incapable of complementing canavanine hypersensitivity of scrheb disruptant cells. Furthermore, the conserved arginine in the G1 box plays a role in the activity of ScRheb, as a mutation of this arginine to glycine significantly reduced the ability of ScRheb to complement canavanine hypersensitivity of ScRheb-deficient yeast. Finally, a mutation in the C-terminal CAAX farnesylation motif resulted in a loss of ScRheb function. This result, in combination with our finding that ScRheb is farnesylated, suggests that farnesylation plays a key role in ScRheb function. Our findings assign the regulation of arginine and lysine uptake as the first physiological function for this new farnesylated Ras superfamily G-protein.
Ras superfamily G-proteins, through their ability to cycle between an active GTP-bound form and an inactive GDP-bound form, regulate a vast array of physiological functions such as cell growth and differentiation, cell morphology, vesicular trafficking, and nuclear transport (1) (2) (3) (4) (5) (6) . These Ras superfamily G-proteins are classified into one of five subfamilies, Ras, Rho, Rab, ARF, and Ran; members of each subfamily share high sequence homology in their effector domain as well as share similar functions (1) (2) (3) (4) (5) (6) . The past half-decade, however, has witnessed the identification of a new set of Ras superfamily G-proteins, including Gem/Kir, Rad, Rem, Rnd1, Rnd2, Rnd3/ RhoE, Rin, Ric, Rit, and Rheb (7) (8) (9) (10) (11) (12) (13) (14) (15) . Of these proteins, we identified homologues of Rheb in a number of organisms, including the yeast Saccharomyces cerevisiae, and focused our attention on this unique Ras superfamily G-protein.
Rheb was initially identified as a member of the Ras superfamily of G-proteins whose expression is increased in rat hippocampal granule cells in response to maximal electroconvulsive seizures and N-methyl-D-aspartic acid-dependent synaptic activity in the long-term potentiation paradigm (15) . Growth factors (epidermal and fibroblast growth factors) are also able to induce expression of Rheb mRNA in PC12 cells (15) . Subsequently, the human homologue of Rheb was identified (16, 17) . Rheb was also found to be overexpressed in several transformed human cell lines (16) . Yee and Worley (18) suggested that Rheb and Ras function in concert to integrate various signals by interacting with Raf. In contrast, Clark et al. (19) reported that Rheb antagonizes the transforming activity of Ras. The exact function of Rheb, however, remains unknown. The overall sequence of Rheb does not identify it as a member of any of the known subfamilies of the Ras superfamily of G-proteins, although its closest relative is Ras (19) . Like Ras, Rheb ends with a C-terminal CAAX motif (C is cysteine, A is an aliphatic amino acid, and X is the C-terminal amino acid), which is known to be recognized by protein farnesyltransferase (FTase). 1 Indeed, it has been reported that Rheb is farnesylated and that this farnesylation is blocked by FTase inhibitor treatment (19) . One interesting feature of Rheb is that the third residue of its G1 box, which is the first of five conserved regions found in Ras superfamily G-proteins, is an arginine; this residue is usually a glycine in other Ras superfamily Gproteins (6) .
Because of the similarity to Ras that Rheb displays, most of the previous functional studies for Rheb have focused on Ras functions (18, 19) . However, an unbiased functional analysis using a more genetically amenable system has not been carried out. Therefore, to gain insight into the function of Rheb, we looked to identify sequence homologues of Rheb in other organisms. In this paper, we report the sequences for Rheb homologues in two yeasts, fruit fly, zebrafish, and sea squirt. From their sequence similarity overall as well as in their effector domain, CAAX motif, and G1 box, they define a new class of Ras superfamily G-proteins and likely share similar mechanisms of regulation. Of these homologues, we continued our * This work was supported in part by National Institutes of Health Grant CA41996. The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 analysis on the homologue found in the budding yeast S. cerevisiae, which we named ScRheb.
Through characterization of a strain of S. cerevisiae deficient in ScRheb, we were able to assign the regulation of arginine and lysine uptake as the first physiological function for Rheb G-proteins. This regulation appears to be mediated by the arginine permease Can1p. In agreement with arginine uptake being a downstream effect of ScRheb, mutations in the effector domain resulted in the loss of proper regulation of arginine uptake. In addition, we found that an invariant arginine in the G1 box is important for full ScRheb function. We also demonstrate that ScRheb is farnesylated and that farnesylation is critical for ScRheb to down-regulate arginine uptake. (20) supplemented with 20 mg/liter histidine and 20 mg/liter uracil), and SDHUW (SDHU medium ϩ 20 mg/liter tryptophan). Yeast transformations were carried out using the lithium acetate method (22) .
EXPERIMENTAL PROCEDURES

Materials
All yeast strains used are listed in Table I . The method by which each strain was created is also described in Table I . The ScRHEB and GAP1 genes were disrupted by the PCR method using the kanamycin resistance cassette kanMX (23) . The kanMX cassette (23) was amplified using primers containing ϳ50 bases of genomic sequence flanking the gene to be disrupted. pUG6 (23) was used as the template. The CAN1 gene was disrupted using a can1::kanMX disruption cassette in which the NdeI-ClaI region of CAN1 was replaced with the kanMX cassette (23) . The DPR1 gene was disrupted using a dpr1::kanMX disruption cassette in which the sequence from the start codon to the second HincII site of DPR1 was replaced with the kanMX cassette (23) . All disruptions were confirmed by whole cell PCR (24) using a primer directed at genomic sequence outside the disruption cassette and a primer directed at the kanMX sequence. These PCRs were performed using Taq DNA polymerase (QIAGEN Inc.).
Sequence Searches and Analysis-Human Rheb sequence was used as the query sequence for BLAST searches (25) (27) .
Construction of ScRheb and SpRheb Yeast Expression Plasmids-
The coding sequences for ScRHEB and sprheb ϩ were cloned by PCR amplification. ScRHEB was amplified from genomic DNA prepared from TD1. sprheb ϩ was amplified from a two-hybrid S. pombe cDNA library (provided by Dr. M. Yamamoto, University of Tokyo). The primers were designed to introduce restriction sites (NdeI and BamHI for ScRHEB and EcoRI and BamHI for sprheb ϩ ) just flanking the start and stop codons of the respective cDNA. The high fidelity Vent polymerase (New England Biolabs Inc.) was used for PCR. These PCR products were cloned into appropriate vectors (sprheb ϩ into LITMUS29 (New England Biolabs Inc.) to produce pL29SpRheb and ScRHEB into pWHA to produce pWHAScRheb), and the sequences were confirmed by dideoxy sequencing (28) using T7 Sequenase Version 2.0 (Amersham Pharmacia Biotech). pWHAScRheb contains a hemagglutinin (HA) epitope immediately upstream of and in frame with the ATG codon of the ScRHEB sequence. pWHA is based on pAS1 (29) , in which the ADH1 promoter and GAL4 DNA-binding domain sequences were replaced with the glyceraldehyde-3-phosphate dehydrogenase promoter from pKT10 (30) . The glyceraldehyde-3-phosphate dehydrogenase promoter of pWHAScRheb was replaced with ϳ400 base pairs of sequence upstream of the ScRHEB coding sequence (containing the ScRHEB promoter), and the thus produced promoter-HA-ScRHEB fragment was then cloned into pRS314 (31) . The resulting plasmid, pRSHAScRheb, was the plasmid into which mutations were introduced. Internal mutations were introduced by two-step PCR site-directed mutagenesis (32) , and the sequences were confirmed. The CAAX mutation was included in the primer used for PCR, and the sequence was confirmed. p2WScRheb and p2WSpRheb were made by cloning the NdeI-BamHI fragment containing the ScRHEB sequence and the EcoRI-BamHI fragment containing the sprheb ϩ sequence, respectively, into the EcoRI and BamHI sites of pWHA.
Amino Acid Uptake Assays-The amino acid uptake assay was performed basically as described previously (33) . Cultures were grown to mid-log phase (A 600 ϭ 0.2-0.5) at 30°C in YPD medium, collected, and washed twice with 5 ml of SDHUW medium. The cells were then resuspended in SDHUW medium to A 600 ϭ 2.0, and 1.2 ml of this suspension was used. The uptake assay was initiated by the addition of 5 l of 3 H-labeled amino acid and 100 M nonradioactive amino acid. 200-l aliquots were taken at the indicated time points, immediately diluted 25-fold, filtered, and washed twice on a vacuum manifold. Filtration was performed using glass microfiber filters (Fisherbrand G4 or Whatman GF/C). The filters were dried under a heat lamp, and the amount of radioactivity retained on the filters was counted in a Beckman LS-6500 scintillation counter using Ecoscint A scintillation solution (National Diagnostics, Inc.). In the case of proline, 15 l of [ 3 H]proline was used due to relatively low uptake rates.
Farnesyltransferase Assay-FTase assays were performed using purified S. cerevisiae FTase, [ 3 H]farnesyl pyrophosphate, and varying concentrations of substrate protein as described previously (21, 34) . FTase activity was assessed as the level of [ 3 H]farnesyl transferred to the substrate, which was then detected by liquid scintillation. Recombinant FTase was purified from Escherichia coli expressing GST-Dpr1 and Ram2 as described previously (34) . GST-Rho3, MBP-RhoA, and GST-ScRheb were used as substrate proteins. Purification of GST-Rho3 from E. coli using affinity for glutathione beads (Sigma) has been previously described (35) . MBP-RhoA is a fusion of RhoA with the maltose-binding protein and was purified from E. coli by its affinity for amylose beads (New England Biolabs Inc.) using methods previously described (34) . pMAL-RhoA was created by cloning the sequence coding for RhoA into pMAL-c2 (New England Biolabs Inc.). GST-ScRheb was purified from E. coli transformed with pGEX-ScRheb using methods previously described (34) . pGEX-ScRheb was created by cloning the coding sequence of ScRHEB into pGEX5X-3⌬Bam, which is a derivative of pGEX5X-3 (Amersham Pharmacia Biotech) in which the BamHI site has been destroyed by filling in.
Immunoblot Analysis-Whole cell extracts were made essentially as described by Park et al. (36) . Briefly, cells were grown to mid-log phase, collected, resuspended, and disrupted by glass beads. Large cell debris and unbroken cells were removed by centrifugation for 5 min at 600 ϫ g. Protein concentration was determined using the Bradford method (Bio-Rad protein assay) (37) . Equal amounts of protein were separated by SDS-polyacrylamide gel electrophoresis (PAGE) (38) . The proteins were transferred to nitrocellulose membranes and blocked in blocking buffer (5% skim milk, 1% bovine serum albumin, and 1ϫ phosphatebuffered saline (137 mM NaCl, 2.7 mM KCl, 4.3 mM Na 2 HPO 4 ⅐7H 2 O, and 1.4 mM KH 2 PO 4 )). The membrane was then incubated with anti-HA.11 antibody (Berkeley Antibody Co.), washed, and incubated with the secondary antibody (peroxidase-conjugated anti-mouse IgG (whole molecule); Sigma). Proteins with bound antibodies were visualized by the enhanced chemiluminescence method (ECL, Amersham Pharmacia Biotech) (39) .
RESULTS
Identification of Rheb Homologues in Yeast and
Other Organisms-Proteins that share significant homology with mammalian Rheb were identified through BLAST searches of the Saccharomyces Genome Database (Stanford, CA) (26), the Sanger Center (Hinxton, United Kingdom), the Berkeley Drosophila Genome Project (Berkeley, CA), and NCBI (Bethesda, MD). These searches identified homologues in the yeasts S. cerevisiae and S. pombe, which we refer to as ScRHEB (S.
cerevisiae, SGD open reading frame YCR027c) and sprheb ϩ (S. pombe, GenBank TM /EBI accession number AL034382). In addition, expressed sequence tags that code for homologues were identified in fruit fly (D. melanogaster, GenBank TM /EBI accession number AI238559), zebrafish (Danio rerio, GenBank TM / EBI accession number AI588708), and sea squirt (Ciona intestinalis, GenBank TM /EBI accession number AJ227689). These sequences are referred to as DmRheb, DrRheb, and CiRheb, respectively, in Fig. 1 . Fig. 1A shows the sequence alignment of the proteins for which full sequences were available.
The sequences of yeast, human, and fly Rheb proteins (aligned in Fig. 1A ) share overall 26% sequence identity and 57% similarity. More important, they share three key sequence features. First, they have very similar effector domain sequences (see Effector Domain in Fig. 1, A and B) ; 10 of the 17 residues are identical, and four of the remaining residues are similar. Two residues at the end of this domain are divergent, but tend to be hydrophobic. The sixth residue is a tyrosine in yeast, whereas it is an aspartate in higher eukaryotes. The consensus effector domain sequence is (Fig. 1B) . Second and most interestingly, these proteins contain an arginine in the third position of their G1 box (Fig. 1, A and B) , which suggests that the mechanism for the regulation of all these proteins is similar but distinct from that of most other Ras superfamily G-proteins, which contain a glycine at this position (6) . Third, the yeast, human, and fly proteins all terminate in a CAAX motif, suggesting that they are farnesylated. Fig. 1C shows a dendogram of yeast and human Ras superfamily G-proteins that are either known or predicted to be farnesylated. As shown, yeast and human Rheb proteins establish a distinct branch. The shared features of the Rheb proteins, along with their distinctiveness from other farnesylated G-proteins, suggest that the Rheb proteins are novel and unique members of the Ras superfamily of G-proteins. disruptants were viable and showed no obvious defects in growth, temperature sensitivity, or morphology. Bianchi et al. (40) also reported that disruption of this gene is viable. However, we found that the scrheb disruptant strain exhibits marked hypersensitivity to the arginine and lysine analogues canavanine and thialysine (S-(2-aminoethyl)-L-cysteine), respectively (Fig. 2) . In the experiment with canavanine ( Fig.  2A) , wild-type (TD1) and scrheb disruptant (JU29-2) cells were serially diluted by a factor of 3. 5 l of the cells was spotted on the indicated plates and allowed to grow for 3 days at 30°C. The sensitivity was assessed by comparing the growth of the two strains at various dilutions. On the plate with no drug, both strains showed similar growth at all dilutions. On the plate containing 0.5 mg/liter canavanine, JU29-2 showed minimal or no growth at all dilutions. Meanwhile, TD1 showed growth at all dilutions. Furthermore, analysis of canavanine sensitivity using various concentrations of the drug demonstrated that JU29-2 exhibited growth inhibition at 0.2 mg/liter, whereas a similar level of inhibition was not observed with TD1 until the concentration of canavanine was increased to Ͼ1 mg/liter. Therefore, JU29-2 shows a significant increase in sensitivity to canavanine compared with its wild-type parent strain, TD1. Fig. 2B shows the results of an assay carried out using plates containing thialysine (1 mg/liter). Cells were serially diluted by a factor of 5. Comparison of the growths at various concentrations showed that JU29-2 exhibited a notable hypersensitivity to thialysine relative to TD1.
Disruption of ScRHEB in S. cerevisiae Results in Hypersen-
To confirm that this phenotype was a result of the scrheb disruption, JU29-2 cells were transformed with a construct expressing the ScRheb protein and assayed for complementation of the canavanine hypersensitivity. In addition, we assayed if expression of the S. pombe Rheb protein could also complement this phenotype. Cultures were serially diluted by a factor of 5, and 5 l of the cells was spotted on a plate containing 0.5 mg/liter canavanine. As shown in Fig. 3 , ScRheb was able to efficiently complement the canavanine hypersensitivity. SpRheb was also able to complement (compare vector and SpRheb on the 0.5 mg/liter canavanine plate). The lower efficiency of SpRheb to complement canavanine sensitivity compared with ScRheb could be due to a growth inhibitory effect of SpRheb expression on S. cerevisiae (compare vector and SpRheb on the no drug plate). These results show that the canavanine hypersensitivity is due to the scrheb disruption and that SpRheb is a functional homologue of ScRheb.
Canavanine hypersensitivity appears to be the only major defect of the scrheb disruptant strains. We observed no major defects in mating, sporulation, secretion, mitochondrial or vacuolar function, or response to osmotic stress (41) . We observed no phenotypes associated with disruption of the RAS1 or RAS2 gene and no synthetic lethality with ras1 or ras2 (41) . It appears that the function of ScRheb is distinct from that of Ras1 and Ras2. The scrheb disruptant strain was further tested for a variety of phenotypes described by Hampsey (42). We found no distinct sensitivity to a panel of compounds that cause defects in cell wall synthesis, mitogen-activated protein kinase signaling, DNA replication, microtubules, protein synthesis, transcription, general control response, oxidative stress, and glycosylation (41) .
Disruption of ScRHEB Results in an Increased
Rate of Arginine Uptake-Because canavanine is an arginine analogue, we speculated that increase in the uptake of arginine may be the primary reason for the canavanine hypersensitivity. To examine this point, wild-type and scrheb disruptant strains were assayed for their ability to take up arginine. Uptake of arginine was followed by adding [ 3 H]arginine to the medium and examining the uptake of radioactivity into the cells. This assay was performed using a short incubation period to minimize effects that may result from arginine metabolism during a prolonged time period. As shown in Fig. 4A , the uptake rate of arginine was Ͼ3-fold higher in the scrheb mutant than in wild-type cells. The rate of uptake was linear for up to 20 min of incubation. The observation of this increased uptake even at 30 s is in line with the idea that this phenotype results from a difference at the level of uptake. Although there are other factors that could contribute to canavanine hypersensitivity, we believe that they do not contribute significantly to this phenotype. For example, defects in proteasome function could lead to increased canavanine sensitivity (42). Utilization of canavanine in translation is thought to result in the production of aberrant proteins, which, unless properly turned over, lead to cell death. However, the scrheb mutants do not share other phenotypes associated with defects in proteasomal function such as sensitivity to other amino acid analogues or agents that cause infidelity in translation. Another possibility is that there is a defect in vacuolar protein sorting. 2 This defect could result in a deficiency of arginine transport into the vacuole, which could in turn give rise to a high cytoplasmic concentration of the arginine analogue canavanine and cell death. However, vacuolar protein sorting in scrheb disruptant strains, as assessed by carboxypeptidase Y maturation and secretion, was normal, suggesting that the scrheb mutants have no defect in vacuolar protein sorting (data not shown).
ScRheb Regulation of Amino Acid Uptake Is Specific for Basic Amino Acids with Highest Specificity for Arginine-To examine whether the effect of the scrheb disruption is specific to arginine, we determined the uptake rates of other amino acids. The additional amino acids tested were lysine, histidine, glutamate, glutamine, methionine, proline, tryptophan, tyrosine, leucine, and valine because these amino acids would assess uptake through other known permeases (Bap2p, Bap3p, Vap1p, Gnp1p, Mup1p, Mup3p, Hip1p, Lyp1p, Tat2p, Put4p, and Dip5p) (43) . Fig. 4B shows the results of this analysis. No significant differences between scrheb disruptant and wildtype strains were observed with histidine, glutamate, glutamine, methionine, proline, tryptophan, tyrosine, leucine, and valine. In contrast, we found that the uptake rate of arginine was increased 3-3.5 fold. In addition, the uptake rate of lysine was increased 1.5-2-fold in the scrheb disruptant strain. Taken together, these results suggest that ScRheb is involved in regulating the uptake specifically of the basic amino acids arginine and lysine, with the highest specificity for arginine.
ScRheb Regulates Arginine Uptake through Can1p-Can1p is the main permease that is involved in the uptake of arginine into S. cerevisiae (44, 45) . To examine whether the different rate of arginine uptake we observed is indeed mediated through Can1p, we disrupted the CAN1 gene in both a wildtype and scrheb disrupted background using the kanMX cassette. If the different rates of arginine uptake are due to effects on Can1p, we would expect to observe a drastic decrease in uptake in the scrheb disrupted background. If the differential arginine uptake is due to an increased metabolism of arginine, a different rate of uptake would be expected even in the can1::kanMX disruptant strains. As shown in Fig. 4C , the can1 disruption resulted in a dramatic decrease in arginine uptake in both the wild type and scrheb disruptant (compare TD1 and JU46-1 or JU29-2 and JU47-2). In addition, this decreased level of arginine uptake was similar between the wild type and scrheb mutant (compare JU46-1 and JU47-2). These residual levels of arginine uptake in the can1 disrupted strains are presumably due to Gap1p (46) . Therefore, ScRheb likely regulates the uptake of arginine through its effect on the Can1 permease. We have also tested these strains for canavanine sensitivity. The canavanine sensitivity of JU46-1 and JU47-2 was drastically reduced compared with that of TD1 and JU29-2, and the residual canavanine sensitivities were similar between JU46-1 and JU47-2 (data not shown). These results suggest that the canavanine hypersensitivity of scrheb disruptant cells is due to the loss of proper regulation of arginine uptake through Can1p.
Mutations in the Effector Domain Result in Loss of ScRheb Function-In
Ras superfamily G-proteins, the effector domain is critical for proper transduction of signal and hence functions (47) . To examine if the function of ScRheb to regulate canavanine sensitivity is dependent on having an intact effector domain, mutations were introduced into the core effector domain of ScRheb (Fig. 5) . In one mutant, tyrosine 46 was changed to FIG. 4 . ScRheb down-regulates arginine uptake through Can1p. A, disruption of scrheb results in an increased uptake of arginine. JU29-2 (scrheb) (q) and TD1 (ScRHEB) (E) were grown to mid-log phase and assessed for rate of arginine uptake. Amount of uptake is measured as the amount of radioactivity ( results in an increased uptake specifically of the basic amino acids arginine and lysine. Uptake rates of the indicated amino acids were assessed in TD1 (ScRHEB) (white bars) and JU29-2 (scrheb) (gray bars). The rate was determined using a time point that was within the linear range. The uptake rate of amino acid by TD1 was normalized to 1, and that of JU29-2 is described relative to TD1. Each uptake assay was performed in triplicate. The bars indicate means Ϯ S.D. C, Can1 permease is needed for differential uptake of arginine. JU29-2 (scrheb CAN1) (q), TD1 (ScRHEB CAN1) (E), JU47-2 (scrheb can1) (f), and JU46-1 (ScRHEB can1) (Ⅺ) were grown to mid-log phase, and the rate of arginine uptake was assessed as the amount of radiolabeled aspartate (Y46D). In the other mutant, asparagine 51 was changed to aspartate (N51D). Vector, the wild type, and these two mutants were transformed into scrheb disruptants and assayed for their ability to complement the canavanine hypersensitivity. The results are shown in Fig. 6A . As shown, vectortransformed cells showed no growth, whereas wild-type ScRheb (WT) was able to efficiently complement the hypersensitivity to canavanine. However, the two effector domain mutants (Y46D and N51D) showed essentially no complementation. Similar results were obtained using thialysine sensitivity (Fig. 6A) . The expressions of these constructs were confirmed by Western analysis (Fig. 6B) . Therefore, the effector domain sequence is critical for the function of ScRheb, and the regulation of arginine and lysine uptake is likely to be a downstream event of ScRheb.
The Conserved Arginine in the G1 Box Is Important for ScRheb Function-One unique feature of the Rheb G-proteins is the conservation of an arginine at the third position of the G1 box. In other Ras superfamily G-proteins, this position is usually a glycine (6) . In Ha-Ras, alteration of this residue to any amino acid other than proline results in decreased GTPase activity (48) . This analogy suggests that ScRheb maintains a high level of activity by remaining in an active form. Therefore, we examined if a mutation of this position to a glycine (Fig. 5) would affect the ability of ScRheb to complement the canavanine sensitivity. This mutant (R25G) as well as vector and wild-type controls were transformed into scrheb disruptant cells and assessed for canavanine sensitivity. As shown in Fig.  7A , vector-transformed cells exhibited no growth, whereas wild-type ScRheb (WT) was able to efficiently complement this phenotype. The R25G mutant of ScRheb also showed an ability to complement, but this complementation was significantly less efficient than that of the wild type. Similar results were obtained for thialysine sensitivity (data not shown). Furthermore, this mutant was less efficient in suppressing the increased arginine uptake of scrheb disruptant cells (data not shown). Western analysis showed that the expressed levels of this mutant (R25G) and wild-type ScRheb (WT) were comparable (Fig. 7B) . These results point to the importance of arginine 25 in the G1 box for ScRheb function.
ScRheb Requires an Intact CAAX Motif to Complement the Canavanine Sensitivity-Another sequence of ScRheb that is critical for its function is the C-terminal CAAX motif. The cysteine in this CAAX motif was changed to serine by PCR mutagenesis (Fig. 5) . This mutation would destroy the CAAX motif and prevent farnesylation of the protein. This mutant as well as vector and wild-type constructs were introduced into the scrheb disruptant strain JU29-2, and the transformants were assessed for canavanine sensitivity. The results are shown in Fig. 8A . The vector control showed no growth, whereas the wild type (WT) was able to grow efficiently. The CAAX mutant (SSIM) was unable to complement the scrheb disruption as evidenced by the lack of growth. Similar results were obtained when assessed for thialysine sensitivity (data not shown). In addition, this mutant was unable to complement the increased arginine uptake of scrheb disruptant cells (data not shown). The expression of the mutant was confirmed by Western analysis (Fig. 8B) . The mutant protein migrated slightly slower than the wild-type protein due to the lack of C-terminal modification (also see below). These results suggest that farnesylation of ScRheb is necessary for its proper function.
ScRheb Is Farnesylated in Vivo and in Vitro-To demonstrate that ScRheb is a farnesylated protein, we first examined whether it can serve as a substrate for FTase in vitro. ScRheb was purified from E. coli as a fusion with GST. Because FTase is not present in bacteria, proteins produced in E. coli are not modified. This fusion protein was incubated with purified FTase and [
3 H]farnesyl pyrophosphate, and the transfer of the radiolabeled farnesyl group to GST-ScRheb substrate was monitored. GST-Rho3 was used as a control protein that contains a 
FIG. 6.
Effector domain mutants are unable to complement hypersensitivity to canavanine and thialysine. The scrheb disruptant JU29-2 was transformed with pRS314 (vector), pRSHAScRheb (wild-type (WT)), pRSHAScRhebY46D (Y46D), and pRSHAScRhebN51D (N51D). A, cultures of the transformants (A 600 ϭ 1.0) were serially diluted by a factor of 3. 5 l of each dilution was spotted onto the indicated plates. The plates were incubated at 30°C for 3 days. B, whole cell extracts were prepared from these transformants grown to mid-log phase and assessed for expression of the HA epitope-tagged ScRheb proteins by Western analysis. The arrow indicates the bands corresponding to the HA-ScRheb proteins. The results presented are representative of experiments performed at least three times. similar CAAX motif and is preferentially farnesylated. 3 This protein undergoes farnesylation as efficiently as Ha-Ras. 3 MBP-RhoA was used as a control that is known to be preferentially geranylgeranylated (49) . As shown in Fig. 9A , GSTScRheb was farnesylated as efficiently as GST-Rho3, whereas MBP-RhoA showed no farnesylation. On the other hand, when GST-ScRheb was incubated with purified geranylgeranyltransferase type I and [ 3 H]geranylgeranyl pyrophosphate, significant incorporation of radioactivity was seen with MBP-RhoA, but not with GST-ScRheb or GST-Rho3 (data not shown).
To determine whether ScRheb is indeed farnesylated in vivo, we analyzed ScRheb expressed in wild-type and FTase-deficient yeast cells. A difference in the mobility of farnesylated and unmodified proteins on an SDS-polyacrylamide gel can be used to investigate whether ScRheb expressed in FTase-deficient cells remains unmodified. A modified protein exhibits a faster mobility than an unmodified protein, as has been shown with farnesylated and unmodified FTase substrates such as Ha-Ras and Ste18p (50, 51) . In the experiment shown in Fig.  9B , the endogenous ScRHEB gene was replaced with a sequence encoding an HA-epitope tagged version of ScRheb. This strain expressing only HA-tagged ScRheb under the control of its own promoter was mated with a dpr1 (FTase-deficient) strain and then sporulated. Haploid strains that are HAScRHEB dpr1 and HA-ScRHEB DPR1 were isolated. The mobilities of the HA-ScRheb proteins from these two strains were assessed by SDS-PAGE. As shown in Fig. 9B , the HA-ScRheb protein in the DPR1 cells (FTase wild-type, JU37-35) migrated faster on an SDS-polyacrylamide gel compared with the HAScRheb protein in the dpr1 cells (FTase-deficient, JU37-26). This result suggests that ScRheb is indeed farnesylated in vivo. Furthermore, if ScRheb was geranylgeranylated, we would not have observed a shift since geranylgeranylation also results in an increased mobility on an SDS-polyacrylamide gel. Therefore, it is likely that ScRheb is not geranylgeranylated in vivo. From these results, in combination with the in vitro results, we conclude that ScRheb is preferentially farnesylated.
DISCUSSION
Rheb homologues were identified in a number of organisms including S. cerevisiae, S. pombe, fruit fly, zebrafish, and sea squirt. These proteins share similar structures and appear to represent a novel class within the Ras superfamily of G-proteins. In this paper, we have focused our attention on the S. cerevisiae Rheb protein. Our results suggest that ScRheb is involved in the regulation of arginine and lysine uptake and consequently resistance to canavanine and thialysine. We believe that S. pombe Rheb has a similar function since SpRheb is capable of complementing the canavanine hypersensitivity of the scrheb disruptant strain. This idea that a Ras superfamily G-protein is involved in regulating the uptake of arginine and lysine is a novel notion that is distinct from their well known functions in cell growth and morphology.
We have shown that the regulation of arginine uptake by ScRheb is through its action on Can1 permease, a transmembrane protein that crosses the membrane 10 times (52). Disruption of CAN1 resulted in a drastic decrease in the rate of arginine uptake, and the resulting residual levels of arginine uptake were similar in both the wild-type and scrheb disruptant cells. The increased uptake of lysine in the scrheb disruptant strain, on the other hand, is likely to be due to the regulation of another permease by ScRheb since thialysine hypersensitivity is observed even in a strain disrupted for both CAN1 and ScRHEB. 4 This permease may be the lysine-specific permease Lyp1p (53) . Interestingly, significant sequence similarity exists between Can1p and Lyp1p (54), which may provide a molecular basis for the specificity of ScRheb toward these two permeases. Furthermore, in S. pombe, both arginine and lysine are taken up by the S. pombe Can1 permease (55) . In this case, SpRheb may affect uptake of both arginine and lysine by regulating this single permease.
The ability of ScRheb to regulate canavanine sensitivity and arginine uptake is dependent on its effector domain. Mutational analyses of the effector domain region of Ras superfamily G-proteins have shown the importance of this region in interaction with and activation of downstream effectors (47) . Mutations in the effector domain do not affect intrinsic activities of G-proteins such as guanine nucleotide binding, GTP hydrolysis, and guanine nucleotide exchange (47) . However, such mutants are unable to activate downstream events (47) . We have shown that the introduction of mutations (Y46D and N51D) into the effector domain of ScRheb eliminates the ability of ScRheb to complement the canavanine hypersensitivity of a scrheb disruptant strain; these results are consistent with the idea that the regulation of Can1p is a downstream effect of ScRheb.
Another feature of ScRheb that is important for its function is arginine 25 in the G1 box. We have shown that mutating this arginine to glycine results in a significant decrease in ScRheb function. Although arginine 25 is perfectly conserved in Rheb proteins, the corresponding residue in Ras is glycine. A mutant form of Ras with an arginine at this position is inhibited in its ability to hydrolyze GTP and remains in a constitutively active (GTP-bound) form (6, 48) . This is the only difference in the G box residues involved in GTP binding and hydrolysis between the Rheb and Ras proteins, and the other key residue involved in GTP hydrolysis, Gln 61 of Ras (6), is conserved in Rheb proteins (position 74 in ScRheb). Thus, it is possible that mutating arginine 25 to glycine (R25G) in ScRheb allows ScRheb to exist in both GDP-and GTP-bound forms. This decrease in the amount of GTP-bound ScRheb may account for the observed decrease in the activity of ScRheb. The importance of GTP binding for the function of ScRheb is further supported by the observation that mutating threonine 30 to asparagine (T30N) completely inactivates ScRheb function. 4 This T30N mutant is likely to exist as a GDP-bound form since the analogous mutant of Ha-Ras, S17N, exists in the inactive GDPbound form due to a decreased affinity for GTP (56, 57) . Thus, sequences of ScRheb involved in GTP binding are important for the function of ScRheb.
Farnesylation plays a critical role in the function of ScRheb. We have shown that ScRheb is farnesylated and that the Cterminal CAAX farnesylation motif is essential for ScRheb function. In many proteins, farnesylation facilitates their membrane association by increasing the hydrophobicity of the protein (58 -60) . In a similar manner, farnesylation of ScRheb may be critical for its membrane association and possible interplay with the Can1 permease. The importance of farnesylation for the function of ScRheb is also underscored by the observation that hypersensitivity to canavanine and increased uptake of arginine are also exhibited by an S. cerevisiae strain deficient in FTase. 4 In the FTase-deficient strain, ScRheb is nonfunctional due to a lack of farnesylation. These phenotypes were also observed with an FTase-deficient S. pombe strain. 5 The mechanism for Can1p regulation by ScRheb needs to be investigated further. One possible mechanism is through the regulation of CAN1 gene expression. Transcriptional regulation of CAN1 in response to nitrogen sources has been previously reported (61) . However, this type of regulation is unlikely to be the case for ScRheb since the expression level of a green fluorescent protein reporter gene under the control of the CAN1 promoter was similar between the scrheb disruption strain and its wild-type parental strain. 4 There are other possibilities for how ScRheb could regulate Can1 permease. For example, there may be a direct interaction between ScRheb and Can1p, or ScRheb may affect another protein that interacts directly with Can1p. This is an attractive possibility that is raised by the finding that ScRheb is a farnesylated G-protein (discussed above). Further work is needed to investigate this and other modes of regulation.
The existence of a farnesylated Ras superfamily G-protein that affects arginine uptake is intriguing since arginine is a key molecule for a number of important physiological functions such as production of ammonia and polyamines (62, 63) . Argi-4 J. Urano, A. P. Tabancay, and F. Tamanoi, unpublished observation. 5 Yang, W., Urano, J., and Tamanoi 
FIG. 9. ScRheb is farnesylated in vivo and in vitro.
A, purified GST-ScRheb (E) was assessed for farnesylation using an in vitro farnesylation assay. Varying concentrations of the substrate proteins were used. Farnesylation was assessed by the transfer of radiolabeled [ 3 H]farnesyl group onto the substrate. GST-Rho3 (q) was used as a positive control, and MBP-RhoA (ϫ) was used as a negative control. B, the strains JU37-26 (HA-ScRHEB dpr1) and JU37-35 (HA-ScRHEB DPR1) were grown to mid-log phase, and whole cell lysates were separated by SDS-PAGE. HA-ScRheb was detected by anti-HA antibody. Both strains have an HA epitope-tagged version of the ScRHEB gene integrated into the ScRHEB gene locus. JU37-26 also contains a disruption of the dpr1 gene, whereas JU37-35 is wild type for the DPR1 gene. Non-farnesylated (HA-ScRheb) and farnesylated (HA-ScRheb-F) proteins are indicated by arrows. The positions of molecular mass markers are indicated to the right. The results shown are representative of experiments performed at least three times.
nine is metabolized by arginase to ornithine and urea (63) . Ornithine can be further processed to polyamines, which are important chemicals involved in DNA synthesis (62, 63) . In yeast, urea is processed to ammonia, which is utilized as a nitrogen source (63) . Moreover, ammonia has been implicated in colony-colony communication (64) . In mammalian cells, arginine is used to produce nitric oxide, which carries out a wide range of physiological and pathological functions (65) (66) (67) . Further characterization of Rheb proteins may provide insight into possible connections between these G-proteins and the physiological roles of arginine.
